Mycoplasma synoviae is a major avian pathogen that synthesizes hemagglutinin VlhA, an abundant immunodominant surface lipoprotein. In most M. synoviae strains, the VlhA protein cleaves into the N-terminal part, a lipoprotein MSPB, and a C-terminal part MSPA, which mediates binding to erythrocytes. VlhA is encoded by the vlhA gene of which the 5P-end is present in the genome as a single copy, which does not change its sequence during recombination of the vlhA gene with pseudogenes. In this study, sequence analyses of the 5P-end vlhA sequences of 30 M. synoviae isolates revealed a highly polymorphic region encoding the proline-rich repeats (PRR) in the N-terminal part of MSPB. Pathogenic strain K1968 had an insertion encoding sequence DNPQNPN in PRR, whereas strains F10-2AS, K2581, K3344 and five strains belonging to two related clusters of strains isolated recently from chickens in Slovenia lacked one PRR repeat of 19 amino acids. The predicted length variations correlated well with the lengths of the corresponding MSPB proteins detected in immunoblots with specific antibodies. Comparison of the 5P-end vlhA sequences of 30 M. synoviae strains showed 11 different types of vlhA sequences indicating that the analysis of this vlhA part is useful for strain differentiation. Distinct sequence motifs seem to be characteristic for vlhA genes of individual M. synoviae strains or clusters of strains and can be used as markers for tracing their spreading between poultry farms. ß
Introduction
Mycoplasma synoviae is a major pathogen of chickens and turkeys causing great economic losses in intensive poultry production [1] . Natural M. synoviae infection has been observed also in numerous other avian species and could be transmitted via hatching eggs [1] . Infection most frequently occurs as a subclinical respiratory tract infection, which can progress to respiratory disease or to infectious synovitis (IS) in which the synovial membranes of joint and tendon sheaths are a¡ected [1] . Under unknown conditions, the M. synoviae disease can become systemic and causes systemic vasculitis and pathological changes in numerous organs [1] . However, M. synoviae isolates di¡er in their infectivity, tissue tropism and pathogenicity [1, 2] . Indeed, recent experimental infection of broiler chickens with di¡erent M. synoviae strains showed that strain K1968 was more pathogenic than strains WVU1853, K1858, 92D8034 and F10-2AS, whereas strain FMT was described as`mildly pathogenic' [3] . Factors contributing to the higher invasiveness and pathogenicity of strain K1968 could not be determined [4] . However, there appears to be a considerable variation among populations of the same M. synoviae isolate in their ability to produce clinical disease [1, 5] . The hemagglutination-positive (HA ) phenotype of M. synoviae induced experimental acute IS in chickens more frequently than did its HA-negative (HA 3 ) phenotype [5] . On the other hand, higher pathogenicity was not observed for the HA population in a model of respiratory tract infection with M. synoviae [6] .
Although the association between the HA phenotype and pathogenicity is not clear, it is notable that only Mycoplasma species capable of hemagglutination and/or hemadsorption (HAD), i.e. Mycoplasma gallisepticum, Mycoplasma synoviae, Mycoplasma iowae and Mycoplasma meleagridis (the latter only for turkeys), are signi¢cant poultry pathogens [1, 7] . M. gallisepticum possesses a large family of pMGA genes encoding variant copies of pMGA hemagglutinins, which are major surface lipoproteins [7] . In M. synoviae, its variable lipoprotein (VlhA) is encoded by the vlhA gene [8] . Putative posttranslational cleavage of the VlhA protein generates the N-terminal lipoprotein fragment MSPB and the C-terminal fragment MSPA, which is directly involved in hemadherence [9, 10] . In different M. synoviae isolates the MSPB proteins di¡er in length as well as antigenic determinants de¢ned by monoclonal antibodies (mAbs) [9, 10] . Moreover, M. synoviae clonal populations can synthesize size and antigenic variants of MSPB proteins and their appearance can be associated with the transition from the HA to HA 3 phenotype [5, 9, 10] .
Recently, Noormohammadi et al. [11] have shown that recombinations of the expressed vlhA gene with one of the pseudogenes generate vlhA gene diversity and can produce MSPB antigenic variants. They have demonstrated that the 5P-end of the vlhA gene (nucleotides 1^410) is present as a single chromosomal copy, which does not recombine with pseudogenes, whereas the downstream region can be replaced with the pseudogene sequence [11] . The 5P-end vlhA region encodes two nearly identical proline-rich repeats (PRR) of 19 amino acids in the type strain WVU1853 ( [8, 11] ; see also Fig. 1 ). Proteins containing PRRs have been identi¢ed in numerous prokaryotic and eukaryotic pathogens as immunodominant surface antigens involved in the interaction between pathogens and host cells [12, 13] . M. gallisepticum pMGA genes, which are related to vlhA, also encode a proline-rich region in the N-terminal part of mature pMGA proteins [7] . We have recently reported that M. gallisepticum strains with type B pMGA genes lack the second repetitive segment encoding sequence PTPN within the PRR [14] . It is not known whether such deletions exist in vlhA in M. synoviae strains, because only a single M. synoviae strain (WVU1853) has so far been sequenced for the vlhA gene [11] .
The objective of the present study was to determine the nucleotide sequence of the 5P-end of the vlhA gene in different M. synoviae isolates and to compare the predicted sequences of their MSPB proteins. To examine the variation of MSPB protein lengths, we produced a recombinant MSPB protein (rMSPB) representing the N-terminal part [8, 10, 11] ). A: vlhA gene. Regions encoding the signal peptide (nt 1^75), MSPB protein (nt 76^1024) and a part of the MSPA protein (nt 1025C) are presented. The region encoding MSPB also includes a tandemly repeated sequence encoding PRR (region I and II), a region which is highly polymorphic among M. synoviae strains (R III, nt 343^400), and a variable region (nt 421^1024) which frequently changes its sequence due to recombinations. The positions of the forward primers (F1, F2) and reverse primers (R1, R2) used to amplify corresponding vlhA regions for sequence analysis are also shown. B: VlhA protein regions (predicted from the vlhA gene) include: signal peptide (SP), MSPB protein (conserved and variable region) and MSPA protein (only a part of it downstream of the cleavage site [10] ). The invariable (conserved) MSPB region (C 1^T115 ) contains two PRRs, and a region (E 87^K108 in strain WVU1853) which shows considerable sequence polymorphism among M. synoviae strains and is involved in the binding of mAb 2C1 to MSPB. The variable MSPB region (residues 116^319) undergoes sequence variation due to vlhA gene recombination.
of MSPB (V190 residues) and raised polyclonal antibodies and mAbs against it. With such an analysis we wanted to explain the size variation of MSPB proteins that has been observed among M. synoviae strains [9, 10] . In addition, we compared the vlhA gene sequences of di¡erent M. synoviae isolates in order to ¢nd out if such a sequence analysis can be useful for strain di¡erentiation.
Materials and methods

M. synoviae strains
The M. synoviae strains for which the vlhA sequences (encoding MSPB) were determined are described in Table  1 . M. synoviae strains were grown on a modi¢ed Frey's medium containing 12^15% swine serum and 0.1 g of NAD per liter of broth medium [1] .
PCR and DNA sequence analysis
The polymerase chain reaction (PCR) was performed with genomic DNA isolated from pelleted cells of M. synoviae strains (see Table 1 ). Two sets of primers were used to amplify by PCR the vlhA region encoding MSPB. The sequences of the nucleotide primers were based on the reference vlhA sequence (GenBank accession number AF035624). Primer sequences and their position relative to the ATG initiation codon (in parentheses) were: primer F1, 5P-ATTAGCAGCTAGTGCAGTGGCC-3P (27^48); primer R1, 5P-GAGCGCTAGTTTTTGTTTTTGG-3P (670^648); primer F2, 5P-GGTGATCAAACTCCAGC-ACC-3P (79^98); primer R2, 5P-GTTTGAATTCTGATT-TATCTC-3P (1045^1025).
For cloning purposes, a BamHI recognition site was added at the 5P-end of primer F1 (primer BamF1) whereas a SalI site was added at the 5P-end of primer R1 (primer SalR1). Fig. 1A ,B shows a schematic representation of the analyzed vlhA region, and the MSPB protein with the corresponding position of primers used in this study.
PCR ampli¢cation was performed in the MJ-PTC-100 thermal cycler in a ¢nal volume of 20 Wl under the following conditions: 0.5 WM each of primer, 0.2 mM dNTP, 1.5 mM MgCl 2 , 1UPCR bu¡er, and 0.5 U of Taq DNA polymerase (Perkin Elmer). The thermal pro¢le was 95³C for 5 min, followed by 36 cycles of 95³C for 1 min, 52³C for 1 min and 72³C for 1 min, and a ¢nal extension step at 72³C for 2 min. For direct sequencing of PCR products, amplicons were excised from agarose gels and puri¢ed with the QIAEX II agarose gel extraction kit (Qiagen). DNA sequences were obtained with the ABI Prism1 Big Dye Primer Cycle Sequencing kit and ABI Prism 310 automated £uorescent sequencer (Perkin Elmer). The sequence analysis was performed by the Wisconsin sequence analysis package (GCG, Madison, WI, USA) using the PILEUP and PRETTYBOX programs. A DNA fragment of the 5P-end of the vlhA gene (631 bp) of clone KF9c (HA phenotype) of the ULB925 strain [10] was ampli¢ed with primers BamF1 and SalR1. The vlhA gene sequence encoding MSPB of the KF9c clone was determined previously by sequencing (GenBank accession number AF314228). The PCR product was puri¢ed by the QIAEX II agarose gel extraction Kit (Qiagen), digested with BamHI/SalI, and ligated into the pQE31 vector (Qiagen), digested with BamHI and SalI. For the expression of recombinant products, ligated plasmid was used to transform Escherichia coli (pREP4) cells as described (QIA expressionist kit, Qiagen). Brie£y, E. coli transformants were grown at 37³C with shaking in 250 ml of LB medium supplemented with 25 Wg kanamycin ml 31 and 100 Wg ampicillin ml 31 to an OD 600 of 0.6. Production of the recombinant protein was induced by the addition of IPTG to the bacterial culture to a ¢nal concentration of 1 mM and incubated for 4 h at 37³C. E. coli cells were then lysed under denaturing conditions. The 6UHis N-terminal tag fused to a recombinant protein enabled a¤nity puri¢cation of the resulting lysate with Ni-NTA agarose (Qiagen). rMSPB contained (besides amino acids added at the N-terminus/His tag and C-terminus) 16 residues of the signal peptide and 191 amino acids of MSPB.
Antibodies
mAb 125 (IgG 2b isotype) used in this study has already been described [5, 10, 15] . It recognizes MSPB as well as its truncated form, i.e. tMSPB (about 27^30 kDa) in the HA 3 clone (KF6 clone) of the ULB925 strain [5, 10] . However, in the type strain WVU1853 mAb 125 reacted even with shorter (V20 kDa) integral membrane protein [15] . mAb 125 reacted with the rMSPB produced in this study.
Antibodies against the rMSPB protein were raised in a mouse which was immunized in order to produce mAbs against the same protein. The mouse was immunized i.p. with approximately 50 Wg of rMSPB in Freund's complete adjuvant and boosted 3 weeks later with 50 Wg of MSPB in Freund's incomplete adjuvant. Three days before the spleen cells were fused with myeloma cells NSO1, the mouse was injected with 50 Wg of the rMSPB in phosphate-bu¡ered saline (pH 7.4). Polyclonal antibodies against rMSPB designated pAb RB were obtained at the end of the immunization procedure. Several mAbs were produced against rMSPB, but most of them recognized MSPB antigenic variants that were rarely expressed in the majority of M. synoviae strains. On the other hand, mAb 2C1 (IgG 2b isotype) showed invariable reactions, but they were restricted to only six M. synoviae strains. In the indirect immunoperoxidase assay [5] mAb 2C1 reacted with all colonies of strains K1968, WVU1853J, ULB925, AAY-30, AAS-35 and K3117C, whereas it did not react with any colony of other M. synoviae strains. Therefore, mAb 2C1 was a useful tool for analyses in which its reactivity was compared with the deduced MSPB sequences of di¡erent M. synoviae strains.
Analysis of the MSPB protein variants
Immunoblotting with the Phastsystem (Pharmacia-LKB, Uppsala, Sweden) was used to determine lengths of MSPB proteins synthesized in di¡erent M. synoviae strains [5, 10] . In addition, rMSPB was used as a subunit MSPB antigen with a known number of residues and known amino acid sequence. Immunoblots were conducted with appropriate MSPB-speci¢c antibodies (mAbs or pAb RB), secondary antibodies labeled with horseradish peroxidase and diaminobenzidine tetrahydrochloride [10, 14] .
Results and discussion
Insertions or deletions in the vlhA gene region encoding PRRs
The 5P-end of the vlhA gene has a single copy in the M. synoviae genome, but its sequence has been determined only in the type strain WVU1853 [8, 11] . Its 5P-end vlhA sequence (nt 106^220) encodes two nearly identical tandemly repeated 19 amino acid long PRRs at the N-terminal region of the mature MSPB protein [8] . This region does not change its sequence during recombinations of the [21] a Strain WVU1853J cultures (HA and HA 3 ) were obtained from Dr. J.M. Bradbury [5] who previously received this strain from Dr. L. Timms, Central Veterinary Laboratory, Weybridge, UK. Strains K2426B, 2426D, 2445 and 3161C were isolated from birds of di¡erent £ocks, but all £ocks originated from primary breed A and were located on the same farm. Strains K3009/37 and K3009/70 were also isolated from birds of primary breed A, but £ocks were kept on a farm in another state in the USA. Strains of the cluster ULB001A were isolated from chickens of breed CO on farm A of company P. Strains of the cluster ULB001B were isolated from chickens of breed RO on farm B (also of company P). From strains isolated in France (94648, 99032 and 99033) we received genomic DNA samples from Dr. I. Kempf, AFSSA, Ploufragan, France. b C, chicken; T, turkey; TR, trachea; J, joint; AS, air sac; YS, yolk sac; CC, choanal cleft ; SP, spleen. c The number of nucleotides in the vlhA sequence encoding PRR is indicated (see Figs. 1 and 2 ). d Classi¢cation of M. synoviae strains according to their 5P-end vlhA sequences. Types A, B, C, D and E are de¢ned according to the length of their PRR (Fig. 2) . Subtypes C 1^C6 , E 1 and E 2 indicate further classi¢cation of strains according to the sequence outside the region that encodes PRR (Fig.  5 ).
vlhA gene [11] . We determined the vlhA sequences encoding MSPB proteins of 30 di¡erent M. synoviae isolates (see Table 1 and Fig. 2 ). All encoded a conserved end of the signal peptide (IAPAVIAIS). The ¢rst eight amino acids of their deduced MSPB had an identical sequence (C 1 GDQTPAP), except in strain K1968, in which the changed codon for the fourth amino acid (CAACAAA) would alter the predicted sequence from C 1 GDQ to C 1 GDK.
The most notable polymorphic region was observed in the vlhA region encoding PRR (see Figs. 1 and 2 ). Except for strains WVU1853 (its sequence was identical up to nt 421 to the published vlhA sequence) and K1968 (its vlhA sequence revealed an insertion of 21 nt), the vlhA genes of M. synoviae strains revealed deletions in the region encoding PRR (Fig. 2) . Nineteen strains had 18-nt deletions in this region, which would cause deletions of six amino acids from the PRR of their MSPB proteins. However, their sequences were polymorphic, except for strains belonging to clusters (see Fig. 2 and Section 3.3). Strain FMT, described as`mildly pathogenic' [3] , revealed a deletion of 45 nt in the PRR. Therefore its MSPB would lack 15 residues within the PRR following a unique short repeated motif (APTP). Three M. synoviae strains isolated in the USA, F10-2AS, K2581 and K3344, and two clusters of strains isolated recently from two di¡erent primary chicken breeds in Slovenia (strains ULB001A/P2 and T2, ULB001A/T3 and ULB001B/P4 and T4) revealed deletions of 57 nt (Table 1 and Fig. 2 ). These deletions would cause the absence of one 19-amino acid repeat in their MSPB proteins. With reference to the length of the sequence encoding the PRR, M. synoviae strains showed ¢ve types (A, B, C, D and E) of vlhA gene sequences (Fig. 2, see Table 1 ).
Interestingly, strain K1968, described as the most pathogenic of the six M. synoviae strains compared [3] , had the longest PRR (Fig. 2) . In comparison with the published MSPB sequence [8] , the MSPB of strain K1968 had an additional repeated motif DNPQNPN within its PRR (see Fig. 2 and GenBank accession number AF314230). Notably, strain K1968 has three such motifs, whereas other M. synoviae strains examined have two (one amino acid can vary) or only one DNPQNPN motif. Moreover, the PRR sequences of most M. synoviae strains examined in this study share the sequence NPNTDNPQNPN with a related pMGA1.7 hemagglutinin of M. gallisepticum. The corresponding nucleotide sequence is also identical except for the last nt (C in pMGA1.7, but T in vlhA). Although the mechanisms controlling antigenic variation in the hemagglutinin gene families of M. synoviae and M. gallisepticum are di¡erent, it is likely that one or both families have arisen by a relatively recent horizontal gene transfer [8, 11, 16] . A putative ancestral gene would have a sequence shared by the vlhA and pMGA1.7 genes, and possibly with a related gene encoding hemagglutinin in Mycoplasma imitans [20] . If so, the repeats in the vlhA region encoding PRR might be the products of the intragenic duplication which was extended Fig. 2 . Comparison of the deduced amino acid sequences of the N-terminal region of MSPB proteins predicted from the 5P-end vlhA sequences of 30 M. synoviae strains. The sequence in the second line was determined for the type strain WVU1853 and corresponds to nt 76^219 in the vlhA sequence (GenBank accession number AF035624) [8] . The comparison was performed by the Wisconsin sequence analysis package (GCG, Madison, WI, USA) using PILEUP, and the results are displayed graphically using the program PRETTYBOX. Symbols that are identical to the consensus are displayed in upper case. In comparison with the published sequence [8] the MSPB of the K1968 strain had an insertion of seven amino acids in the PRR (DNPQNPN) whereas strains F10-2AS, K2581, K3344, and those from clusters ULB001A (P2, T2 and T3) and ULB001B (P4 and T4) revealed deletions of 19 amino acids in the PRR region (see also Table 1 ).
in strain K1968. Whether the extended PRR of this M. synoviae strain is directly responsible for the higher pathogenicity (or its higher invasiveness) remains to be determined. In several pathogens, including other pathogenic Mycoplasma species, PRR is involved in pathogen^host cell interactions, binding to speci¢c ligands, and can be important in the pathogenicity [12, 13] . Proteins containing PRR are major immunogenic surface antigens in numerous pathogens, including MSPB and pMGA of M. gallisepticum [5, 8, 12, 13] . Therefore, it is likely that PRR may be under the pressure of the host antibody response. Indeed, chickens infected with M. synoviae raised high levels of antibodies against MSPB, including antibodies which blocked binding of mAb 125 ( [5] ; see also Section 3.2). Besides M. synoviae strain diversity in length of the predicted PRR, we observed diversity in the number of PNPT repeats in the N-terminal part of deduced pMGA sequences in M. gallisepticum strains [14] . Strain K1968 was the only M. synoviae strain capable of causing lesions in joints of chickens following eyedrop inoculation [3] . Therefore, this strain should have a higher capability to cross the mucosal barrier, enter the bloodstream and then colonize the joint synovial membranes. On the other hand, deletions in the PRR do not reduce the capability of M. synoviae strains to infect the respiratory tract of poultry. Strains K3344, F10-2AS, and members of the ULB001 cluster e¤ciently colonized chicken respiratory tract in experiments or on poultry farms ( [2, 21] and data from this study).
Deletions in the vlhA region encoding PRR correlate with synthesis of shorter MSPB proteins
In di¡erent M. synoviae strains the MSPB proteins di¡er in size, but the molecular basis of size variation has not been studied [9, 10, 19] . Considering this for strain ULB925 (clone KF9), its MSPB (312 residues) would have a theoretical molecular mass of 32.6 kDa. On the other hand, in immunoblots using mAb 125, its MSPB proteins appeared slightly above the position of ovalbumin (43 kDa) [10] . A similar di¡erence between the measured and theoretical molecular mass (V35 and 23.1 kDa, respectively) was observed for rMSPB, i.e. over 10 kDa. It is likely that the PRR is responsible for the retarded migration of MSPB proteins because similar ¢ndings were reported for several proline-rich proteins of other Mycoplasma species [12, 13] . Because lipoproteins of bacteria also have retarded migration [23] it is possible that acylation of MSPB may contribute to its slower migration. However, it is not likely that acylation of MSPB would be responsible for its size variation in di¡erent M. synoviae strains.
Previous studies have suggested that some M. synoviae strains, i.e. K1968 and WVU1853, synthesize longer MSPB proteins than strains K2581, F10-2AS and FMT [9, 10] . We determined by immunoblotting using mAbs to MSPB and pAb RB the lengths of MSPB proteins of the majority of strains presented in Fig. 2 . Strain K1968 having an extended PRR region (containing seven additional residues) synthesized the longest MSPB proteins, whereas strains lacking the second repeat in the PRR (F10-2AS, K2581 and K3344) revealed the shortest MSPB forms. Strain K1968 (its predicted MSPB would have 326 residues and a molecular mass of 34.3 kDa) synthesized an MSPB a few kDa longer than strain ULB925 (predicted molecular mass 32.6 kDa). Consistent with its lower theoretical molecular mass (31.8 kDa) strain K3344 revealed a shorter MSPB than strains K1968 and ULB925 (Fig. 3,  lanes 2^4 ).
If VlhA proteins of other M. synoviae have the same cleavage site as strain ULB925 [10] one would expect that strains that also lack six residues in the PRR would have similar size MSPB proteins. Immunoblots with mAb 125 and pAb RB indeed showed similar length MSPB proteins in the majority of strains whose PRR sequences predicted deletions of six amino acids. As shown in Fig. 3 , similar size MSPB forms were detected by mAb 125 in strains ULB925, K4463B and K3009/70 (lanes 2, 6 and 7, respectively). On the other hand, in strain K1723 mAb 125 reacted with an about 80-kDa protein (Fig. 3,  lane 1) . A similar size protein was recognized in this strain also by mAb 3E10 to MSPA [10] , which con¢rms a previous observation about uncleaved VlhA protein in strain K1723 [9] . In contrast, in strain ULB991 only a truncated form of MSPB (i.e. tMSPB) of about 27^30 kDa was detected by mAb 125 (Fig. 3, lane 5) . A similar size tMSPB was the predominant form of the MSPB that was recognized in the type strain WVU1853 with the HA 3 phenotype (Fig. 3, lane 8) . In contrast to mAb 125, which reacted with MSPB forms of every M. synoviae strain, mAb 2C1 raised against rMSPB reacted with MSPB of only six M. synoviae strains, which are presented in Fig. 4 . In strains ULB925, WVU1853J, AAY-30, AAS-35 and K3117C mAb2C1 revealed MSPB proteins of very similar size (Fig. 4, lanes 2, 4 and 6^8) . As could be expected, in strain K1968 mAb 2C1 detected a MSPB a few kDa longer (Fig.  4, lane 3) than in strains that have shorter predicted MSPB sequences due to deletions in the PRR. This mAb did not react with the type strain WVU1853 (Fig. 4 , lane 5) nor with other strains, except those shown in Fig. 4 . The very selective reactivity of mAb 2C1 suggested that MSPB proteins of the six strains recognized by this mAb should share characteristic sequence motifs, whereas nonreactive strains should be without such motifs. As shown hereafter, a region which very probably represents the epitope (or at least a part of it) for mAb 2C1 was located in the last part of the invariable region of MSPB (see Figs. 1  and 5) .
In all, insertions or deletions in the vlhA region encoding PRR correlated with the length of the corresponding MSPB proteins, unless they appeared in truncated forms. Such truncated MSPB forms, i.e. tMSPB (also designated MSPC), have been reported for M. synoviae populations that had lost the HA and/or HAD phenotype [5, 9, 10] . In M. synoviae strain ULB991 and strains belonging to clusters ULB001A and ULB001B only tMSPB were detected (Fig. 3 , lane 5 and data not shown). These tMSPBs most likely belonged to the N-terminal part of their MSPB proteins because they were recognized by mAb 125. This mAb recognized the N-terminal part of the rMSPB if this protein cleaved immediately downstream of the PRR (data not shown). However, analysis of the coding vlhA sequences did not show translational stop codons (i.e. TAA or TAG) that might explain the appearance of the tMSPB form in strain ULB991, or in the ULB001A and ULB001B strain clusters. Moreover, certain clones of the ULB991 strain synthesized MSPA proteins recognized by mAb 3E10, which excludes the possibility that a premature termination of vlhA gene translation can be the cause for the occurrence of tMSPB. It is possible that in many cases tMSPB forms are (MSPB) degradation products, for which changes in the MSPB sequence and consequently a less stable MSPB molecule are responsible [11] . The vlhA gene recombination has the ability to generate diversity in the second part of the MSPB sequence and this can result in the appearance of tMSPB forms ( [11] , and data from this study).
Polymorphisms of the 5P-vlhA sequences enable di¡erentiation of M. synoviae isolates
Previous methods used for di¡erentiation of M. synoviae strains do not enable identi¢cation of sequences characteristic for individual strains [17, 18, 22] . Our data indicate that polymorphisms of the 5P-vlhA region might be very useful for the epizootiologic analysis of M. synoviae isolates. However, it should be noted that only the 5P-vlhA region, which is present in the M. synoviae genome as a single copy (up to nt 421 in the WVU1853 strain), does not change its sequence in clonal populations of M. synoviae [11] . The downstream vlhA sequence can di¡er among di¡erent M. synoviae strains (see GenBank accession numbers AF314228, AF314229 and AF314230 for strains ULB925, K2581, and K1968, respectively) and recombinations of the vlhA gene with pseudogenes can change this part of the sequence even in clonal populations of M. synoviae [11] and therefore, it cannot be considered a conserved sequence characterizing individual M. synoviae strains. On the other hand, the 5P-vlhA region sequence remained unchanged in all M. synoviae strains of which clonal populations were examined in this study. Indeed, analyses of the 5P-vlhA region of about 80 di¡erent subpopulations at di¡erent passage levels in vitro that belonged to strains ULB925 and WVU1853J (25 subpopulations), K1968 (14 subpopulations), ULB001B/P4 (10 subpopulations), WVU1853 (6 subpopulations), ULB991 (¢ve subpopulations) and of some other strains (one to three subpopulations analyzed) did not show changes in their sequences.
Following inoculation of strain K1968 (clone C3) into the allantoic cavity of 10 chicken embryos its subpopulations grown in vivo for 5 days did not change the 5P-vlhA sequence. Notably, M. synoviae strains isolated in a 4-year period in di¡erent £ocks that originated from the same primary chicken breed in the USA (strains K2426/B and D, K2445, K3009/37 and 70, K3161C; see Table 1 ) also revealed identical 5P-vlhA sequences.
Although the most pronounced sequence polymorphisms were observed in the vlhA region encoding PRR (see Figs. 1 and 2 ), there were regions downstream of the PRR that exhibited considerable polymorphism amongst the M. synoviae strains. As shown in Fig. 5 , immediately downstream of the sequence encoding three threonines ( 334 -ACTACAACA in the reference vlhA sequence) there is such a polymorphic region. In this region strain K1723 has a unique sequence, whereas other strains form clusters, each cluster sharing a common sequence type. Strains K1968, WVU1853J, ULB925, AAY-30, AAS-35 and K3117C share in the corresponding region the MSPB sequence : ADAARDLKTKADALSAVR (unique residues are underlined), which is di¡erent from all the other M. synoviae strains. Interestingly, mAb 2C1 detected MSPB proteins only in the above listed strains, which indicates that the sequence in this MSPB region is included in the mAb 2C1 epitope. In all, comparison of 30 M. synoviae strains in this study revealed 11 di¡erent 5P-vlhA sequences. With reference to length of sequence encoding PRR they can be divided into ¢ve groups or types (A, B, C, D and E). Moreover, with reference to sequence diversity outside the PRR they can be further classi¢ed into subgroups or subtypes, e.g. C 1 , C 2 , C 3 , C 4 , C 5 , C 6 and E 1 , E 2 (see Table 1 for strains and their classi¢cation).
The epizootiologic connection is clear only for the clusters of strains ULB001A and ULB001B isolated recently in Slovenia and for a cluster of strains isolated from £ocks of the same primary chicken breed in the USA in 19871 991. In the ¢rst case, chickens were kept on two di¡erent farms, but available epizootiologic data suggest that the same M. synoviae strain infected both £ocks. While the origin of this strain is not known, it is notable that it has a 5P-vlhA sequence identical to that of strain F10-2AS isolated from chickens in the USA about 30 years ago [25] . It is very probable that in the primary chicken breed in the USA the same M. synoviae strain caused infections in £ocks examined in 1987^1991. Strains ULB9122 and ULB991 were isolated over an interval of 8 years from chickens from di¡erent farms, but in the same region in Slovenia (Table 1 ). These two strains share a unique vlhA sequence with a characteristic point mutation ( 151 GGACGAA) in the sequence encoding the PRR (Fig. 2) . A previous study using analysis of random ampli¢ed polymorphic DNA correctly classi¢ed strains AAY-4 (a parental strain of ULB925), AAY-30 and AAS-35 in a cluster of related strains [18] , however, the suggestion that strain ULB9122 belongs to the same cluster is not consistent with the vlhA sequence of this strain (see Figs.  1 and 5) . Surprisingly, the strains isolated during recent years from chickens or turkeys in Slovenia (strain PAA-2), USA (strain 4463B) or in France (strains, 94648, 99032 and 99033) revealed identical 5P-vlhA sequences. While two M. synoviae isolates from chicken £ocks of the same company in France (99032 and 99033) are likely to be subpopulations of the same primary strain, there is no epizootiologic link between the other strains.
Our data indicate that sequence analysis of the 5P-vlhA region has the potential to become a valuable tool for tracing spreading of M. synoviae strains in poultry £ocks. A simple and rapid assay based on the PCR length polymorphism could also be developed instead of direct sequencing. Primers could be designed in the conserved regions £anking the PRR repeats to amplify the PCR product across the PRR region. If one desires to di¡er-entiate isolates within a cluster, further sequencing of highly polymorphic regions £anking PRR (Figs. 1 and 2) or downstream of the PRR (Fig. 5) could then be employed.
This study provides the ¢rst detailed description of the hemagglutinin diversity in M. synoviae strains and provides evidence for the molecular basis of a size variation in its N-terminal part (MSPB protein). We found an extended PRR in the highly invasive strain K1968. It is possible that its longer PRR region is associated with higher invasiveness though this needs to be tested further. The frequency of M. synoviae infection is increasing in poultry £ocks in many countries and methods enabling their di¡erentiation are required in tracing the spread of infection. Our analysis of the 5P-vlhA sequence identi¢ed several polymorphic regions that will enable improved epizootiologic studies of M. synoviae strain spreading.
